A spring phenology model that combines photoperiod with accumulated heating and 21 chilling to predict spring leaf out dates is optimized using PhenoCam observations and coupled 22 into the Community Land Model (CLM) 4.5. In head-to-head comparison (using satellite data 23 from 2003-2013 for validation) for model grid cells over the Northern Hemisphere deciduous 24 broadleaf forests (5.5 million km 2 ), we found that the revised model substantially out-performed 25 the standard CLM seasonal-deciduous spring phenology sub-model at both coarse (0.9×1.25 26 degree) and fine (1km) scales. The revised model also does a better job of representing recent 27 (decadal) phenological trends observed globally by MODIS, as well as long-term trends (1950-28 2014) in the PEP725 European phenology dataset. Moreover, forward model runs suggested a 29 stronger advancement (up to 11 days) of spring leaf out by the end of the 21 st century for the 30 revised model. Trends towards earlier advancement are predicted for deciduous forests across the 31 whole northern hemisphere boreal and temperate deciduous forest region for the revised model, 32
Introduction 40
The vast boreal and temperate deciduous forests of the Northern Hemisphere are thought 41 to account for a substantial fraction of the terrestrial carbon sink (Houghton, 2007; Luyssaert et In a previous paper, Melaas et al. (2016) parameterized 13 different spring phenology 107 models using Klosterman et al.'s (2014) PhenoCam dataset, which includes observations from 108 13 deciduous forest sites located across a 12°C gradient in mean annual temperature and a more 109 than 800 mm year -1 gradient in annual precipitation. The "best" model was selected using the 110 small-sample corrected Akaike Information Criterion (AIC c ) (Burnham & Anderson, 2002) 111 based on the residual sum of squared errors for observations (55 site-years of data). Here, we use 112 the "best" model from Melaas et al. (2016) , but re-parameterized it using an additional two years 113 of data (2010 and 2012) that were originally withheld for model testing. We refer to this model 114 as the "PhenoCam spring phenology model". In total, 80 site-years of data were used to 115 parameterize our model. 116 Similar to the CLM seasonal-deciduous spring phenology submodel, leaf out in the 117 PhenoCam model is predicted to occur when the accumulated GDD exceed a threshold GDD crit .
118
However, similar to the classic Alternating model (Cannell & Smith, 1983) We used the system state variables at the end of 2013 from our hindcast standard CLM run as the 202 initial conditions for the forward runs. Northern Hemisphere deciduous broadleaf forests, the mode RMSE is 8 days (median, 10 days) 244 for CLM, compared with a mode of 4 days (median, 6 days) for CLM-PhenoCam ( Fig. 3a) . SOS 245 dates for CLM are also biased early (mode, -7 days; median, -3 days) compared to MODIS-246 derived SOS. SOS bias for CLM-PhenoCam is much smaller (mode, -2; median, -1 days) ( Fig.   247 3b). Finally, the correlation coefficient between predicted and MODIS-derived SOS dates is 248 generally weaker for CLM (mode, r = 0.7) than CLM-PhenoCam (mode, r = 0.9) ( Fig. 3c ). We obtained similar results when the two phenology models were run at finer spatial 259 resolution and evaluated at that scale. For example, forced with Daymet data at 1km resolution 260 for the eastern US, and evaluated against MODIS data aggregated to 3×3 pixel windows, the 261 PhenoCam spring phenology model has a lower RMSE (mode, 4 days; median, 5 days) than the 262 standard CLM spring phenology model (mode, 7 days; median, 8 days). The PhenoCam model 263 also performs better in terms of smaller bias (mode MBE of 2 days vs. -5 days, for the two 264 models respectively) and higher correlation coefficient (mode r of 0.9 vs. 0.8, again for the two 265 models respectively) ( Fig. 3g-i) . And, when run with E-OBS data at 0.25° resolution for northern predicts substantially more accurate SOS, in terms of lower RMSE, smaller bias, and higher 268 correlation coefficient ( Fig. 3d-f ) than the standard CLM spring phenology model.
269
Our trend analysis showed that the PhenoCam spring phenology model performed better trends that are of the same sign as the trend in the data for 74% (224 of 308) of the model grid cells. And, the PhenoCam spring phenology model incorrectly predicts significant trends that are 289 different in sign from the trends in the data for only 1% (4 of 308) of the model grid cells.
290
Aggregating the data and model predictions to a regional average, the PEP725 data 291 indicate a trend towards earlier leaf unfolding of -0.18 ± 0.04 d yr -1 (slope ± 1 SE) over the 292 period 1950 to 2014. However, break-point analysis shows that this trend is not consistent over 293 time (Fig. S2) . Rather, there is a slight but not significant trend towards later leaf unfolding (0.03 294 ± 0.11 d yr -1 ) in the PEP725 data from 1950 to 1982, and then a much stronger and more 295 significant trend towards earlier spring (0.39 ± 0.08 d yr -1 ) from 1983 to 2014. By comparison, 296 the CLM spring phenology model shows a small but non-significant trend towards earlier SOS 297 (-0.04 ± 0.23 d yr -1 ) from 1950 to 1982, and then a stronger but still non-significant trend 298 towards earlier SOS (-0.19±0.26 d yr -1 ) from 1983 to 2014. The main reason that the latter trend 299 is insignificant is that the CLM spring phenology model predicts about twice as much 300 interannual variability in SOS as is actually observed to occur, with modeled SOS varying by 301 over 7 weeks from year-to-year. The PhenoCam spring phenology model is more consistent with 302 the PEP725 data; it correctly predicts a slight but non-significant trend towards later spring (0.10 303 ± 0.08 d yr -1 ) over the period 1950 to 1982, and a stronger and significant trend towards earlier 304 spring (-0.21±0.06 d yr -1 ) from 1983 to 2014. While we acknowledge that over the period from 305 1983 to 2014 the PhenoCam spring phenology model trend is a little more than half that of in the 306 PEP725 data, we note that the confidence intervals on these slopes overlap substantially, i.e. 0.55 307 to -0.23 d yr -1 for PEP725, -0.33 to -0.09 d yr -1 for PhenoCam spring phenology model.
308
Together, these results suggest that, across the Northern Hemisphere deciduous broadleaf northern India (Fig. 4a,d) . These patterns are most readily apparent in the RCP 8.5 model runs.
328
In contrast, CLM-PhenoCam generally predicts earlier SOS by the end of the 21 st century across 329 the entire Northern Hemisphere deciduous broadleaf forest (Fig. 2c, 4b,e ). At the end of the 21 st 330 century, differences between predictions from the two phenology submodels are greatest in low 331 latitudes (Fig. 2b-c) , including the southeastern United States, southeastern China and northern 332 India (Fig. 4c,f) . The relationships are essentially identical for RCP 4.5. 370 Phenology also affects model predictions for ecosystem water fluxes. The earlier SOS earlier spring onset were linearly correlated with the difference in predicted onset date, and these 395 relationships were essentially invariant over the course of the 85 years of our forward runs. Thus, 396 these "phenological sensitivities" can be used for back-of-the-envelope estimates of how global 397 deciduous forest carbon and water cycling would be altered under different assumptions (i.e. 398 larger or smaller advance in phenology) about future phenological change. As shown in Table 1 399 and Fig. 7 , a one-day advancement of spring in CLM-PhenoCam (relative to CLM) was overall 400 associated with a direct 0.03 Pg C yr -1 d -1 increase in GPP, a 0.02 Pg C yr -1 d -1 increase in NPP, 401 and a 0.01 Pg C yr -1 d -1 increase in AR. Indirect effects of earlier spring were slightly smaller for 402 GPP and larger for AR (both were about 0.01, but because these tended to cancel out, there was cycling processes, our analysis also shows that use of the standard spring phenology submodel in 441 CLM is likely to substantially under-predict C uptake and evapotranspiration across deciduous 442 broadleaf forests in the Northern Hemisphere. This confirms that accurate prediction of spring 443 phenological transitions is essential to reduce uncertainties in quantifying land-atmosphere 444 exchanges of carbon and water under future climate scenarios. We note that our model runs were 445 conducted "offline", in that the forcing was prescribed and the biosphere does not feedback to 446 the climate system. We expect that with fully coupled runs in the CESM, the increased carbon 447 uptake and evapotranspiration predicted by CLM-PhenoCam could have a substantial influence 448 on the evolution of the climate system over the next 85 years.
449
We showed that when evaluated against MODIS-derived SOS for the entire Northern 
